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We studied associations between prenatal and early postnatal choline intake, brain development, and neurocognitive function of children. We
conducted a systematic review followed by a meta-analysis and critical appraisal of human studies published from 1997 to 2021. Thirty publications
were identified. The meta-analysis included 5 of 7 case-control studies studying neural tube defects (NTDs) in relation to maternal choline
intakes/circulating concentrations. Low maternal choline intake/circulating concentrations were associated with a higher OR for NTDs among
1131 mothers of newborns with NTDs and 4439 control mothers (pooled estimate = 1.36; 95% Cl: 1.11, 1.67). The 95% prediction intervals were
0.78, 2.36. Findings and critical evaluation of 10 publications with interventional designs showed that higher maternal choline intakes during
the second half of pregnancy and early postnatal period (550 mg up to 1 g/d on top of the diet) or a child intake of 513 to 625 mg/d from
supplements were safe and likely to demonstrate favorable effects on several domains of child neurocognition, such as memory, attention, and
visuospatial learning versus the comparators. Findings from observational studies (n = 13) partly supported the association between maternal
choline intake/serum concentrations and child neurocognition, but there was low confidence in the use of plasma choline concentrations as a
choline intake marker. In conclusion, low maternal choline intakes were associated with a higher OR for NTDs. The risk could be up to 2.36-fold
in some populations. Despite limitations of available trials and observational studies, higher maternal choline intake was likely to be associated
with better child neurocognition/neurodevelopment. The results should be used to guide choline intake recommendations in pregnancy and
lactation, especially because most young women are not achieving the reference intake of choline. This meta-analysis is registered at PROSPERO as
CRD42021233790. Adv Nutr 2022;13:2445-2457.

Statement of Significance: This systematic review and meta-analysis is novel. Low maternal choline intake/circulating choline
concentrations were associated with a higher OR for neural tube defects in the offspring. The study summarizes present evidence and gaps
in knowledge in the field and the need to conduct well designed randomized controlled trials.
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Introduction Limited choline intake during pregnancy and lactation

Choline is regarded as being an essential nutrient, needed
for human health (1, 2). Dietary requirements for choline are
higher during pregnancy and lactation compared with those
for nonpregnant women (1, 2). However, the average dietary
choline intake in women is presently lower than the Adequate
Intakes (3, 4). The fetus and infant accumulate choline at the
expense of maternal stores (5, 6).

increases the susceptibility of the mother to develop choline
deficiency (7). The prenatal and early postnatal periods
are both critical developmental periods, regarded as being
“sensitive windows of development,” including to choline
insufficiency [reviewed in (8)]. Liver, fish, eggs, and milk
are examples of some dietary sources that are abundant in
choline (9). Foods can contain and provide both water- and
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lipid-soluble choline derivatives (10). In dietary supplements,
choline bitartrate, choline chloride, and phosphatidylcholine
(PtdCholine) are commonly used.

Choline is oxidized in the cell's mitochondria to be-
taine. Betaine and folate are methyl donors in one-carbon
metabolism. Folate deficiency depletes choline stores in
the liver (11) and increases the requirements for betaine
as a source of methyl groups. In addition, choline is a
source of PtdCholine that participates in lipid transport, lipid
signaling, and membrane structure (1). Choline is converted
to acetylcholine, which, in turn, as a neurotransmitter plays
a role in behavior and neurocognition, including memory
and learning (12). A choline-deficient diet in animals has
been found to deplete brain choline and acetylcholine, and
influence nicotinic acetylcholine receptors in the brain (13,
14). Mouse embryos exposed to inhibitors of PtdCholine
synthesis or choline uptake also showed brain malformations
and a dose-dependent craniofacial hypoplasia (15, 16). In
contrast, in a spina bifida mouse model, supplementation
of the maternal diet with 2% choline from the initiation
of pregnancy substantially decreased the prevalence and
severity of spina bifida in the offspring (17). Thus, insufficient
maternal choline intake during early embryogenesis could
be associated with brain malformations such as neural tube
defects (NTDs).

Brain development begins in utero and continues
throughout childhood (18). Studies in rats have shown that
limited choline intake during the second half of pregnancy
and early postnatal periods caused life-long abnormalities
in spatial and temporal memory and attention in the
offspring, which were possibly attributed to mechanisms
involving reduced brain acetylcholine (19, 20). Insufficient
choline intake during late pregnancy and the early postnatal
period could, in theory, impact infants neurocognitive
development. Exposure to alcohol during pregnancy
causes damage to the hippocampus (21). In contrast,
studies in animals have shown that choline supplementation
ameliorated alcohol-induced hyperactivity and visual spatial
learning deficits in the offspring (22-24), suggesting that
the same effects could be expected in human fetal alcohol
spectrum disorders (FASDs).

A growing body of evidence from animal studies [re-
viewed in (25)] strongly suggests that maternal choline
insufficiency could influence brain development in the
offspring. However, studies in humans have shown mixed
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results and data have not presently been collated on the
topic from clinical studies. Therefore, we aimed to evaluate
the evidence from human studies investigating associations
between maternal (and child) choline intake, fetal brain
development, and child neurocognition. For this purpose,
we conducted a systematic review followed by meta-analysis
and critical appraisal of human studies published after the
recognition of choline as an essential nutrient in 1998.

Methods

This study was conducted according to an a priori protocol
that was registered at the International Prospective Register
of Systematic Reviews (PROSPERO; ID: CRD42021233790).

Study population, exposures, and outcomes

The target population consisted of pregnant/lactating
women, infants, and/or children. We included prospective
and retrospective studies investigating maternal or child
choline intake. The exposure variable was maternal or infant
choline intake from the regular diet or from supplements
(any form and dose) and maternal serum/plasma and/or
breast-milk concentrations of free choline, PtdCholine, or
total choline.

The brain-development outcomes needed to be assessed
in the fetus, newborns, infants, or children. The primary
outcome was structural abnormalities of the brain such
as spina bifida and anencephaly. The secondary outcomes
were as follows—1I) neurocognitive impairment including
1 or more of the following: global intellectual impairment,
executive functioning deficit, learning impairment, visual-
spatial reasoning deficit, or memory deficit; 2) self-regulation
deficit including 1 or more of the following: impairment
of mood or behavioral regulation, attention deficit, or
impulse control deficit; and 3) adaptive functioning deficit
such as communication impairment, social communication
and interaction deficit, daily living skills deficit, or motor
skills deficit. The neurocognitive outcomes were adopted
according to widely applied criteria used to diagnose brain
function abnormalities in children (26).

Search strategy
The study protocol was finalized after a pilot phase. The
search was conducted in the PubMed platform on 11
February 2021 using the terms shown in Supplemental
Table 1. The titles and abstracts of the initial search results
were screened. Publications identified as potentially relevant
then became candidates for full-text screening. Additionally,
reference lists of previous systematic reviews and studies
retained after full-text screening were reviewed and rele-
vant publications extrapolated. A further hand-search for
relevant studies was conducted in ClinicalTrials.gov and the
Cochrane Library. Two authors (RO and CS) independently
conducted the search, screening, data extraction, and evalu-
ation of quality and risk of bias. Discrepancies between the
study team members were resolved after discussion.

The inclusion criteria were as follows: English and
German publications of human studies published from
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1 January 1997 until 11 February 2021. This date was
allocated due to choline being first recognized as an essential
nutrient by the US Institute of Medicine (IOM) in 1998
(1). We included case-control, cohort, cross-sectional, or
interventional study designs. Interventional studies included
randomized, or quasi-randomized, controlled (placebo or
any appropriate comparator), blinded, or open-label studies.
Intervention studies conducted with pregnant and lactating
women, infants, or children were also included. We planned
to include studies that recruited vulnerable groups, such
as preterm births, exposure to drugs, or infections during
pregnancy, due to these being established stressors affecting
brain development. Studies addressing FASDs were also
included as alcohol is known to damage the hippocampal
cholinergic system that has been shown to be a molecular
target of choline (23).

We excluded animal studies, case reports, case series,
narrative reviews, studies not reporting the exposure (choline
intake, choline supplements, or plasma/serum/milk levels),
studies supplementing choline without an appropriate com-
parator, and studies not reporting clinical outcomes related
to brain development or the outcomes specified. In addition,
studies using advanced neuroimaging techniques (i.e., mag-
netic resonance spectroscopy) to assess brain metabolites
including choline were excluded because the link between
brain choline and choline insufficiency is not established in
humans.

Data extraction and quality assessment

We used a standardized form to extract the following
information: first author, year of publication, PubMed ID
(PMID), country of residence of the participants, folic
acid fortification in the country during recruitment (yes
or no), exposure definition (i.e., choline intake, blood
concentrations, supplementation), how was the exposure
assessed (i.e., FFQs, assay methods), when was the exposure
assessed (i.e., pregnancy week or postnatal age), the exact
definition of exposed versus nonexposed subjects [i.e., intake
cutoff, or the comparator in randomized controlled trials
(RCTs)], the form and dose of choline in studies adminis-
tering supplemental choline, the start and duration of the
intervention, study setting, study inclusion and exclusion
criteria, primary and secondary outcomes, age of the child
at outcome assessment, methods of outcome assessment (i.e.,
tests of neurocognition), description of the target population
(total number, mean age of the mothers and the children,
gestational age, or lactation stage), the study-specific effect
size of the association, and the covariates that were accounted
for in the studies.

For the publications that were retained in the final stage,
the study quality and risk of bias were evaluated using the
Newcastle-Ottawa Scales for case-control, cohort, and cross-
sectional studies. The Newcastle-Ottawa Scales included
specific questions on the selection of the participants,
comparability of subjects, and assessment of the outcome in
cohort studies (or assessment of the exposure in case-control
studies). Version 2 of the Cochrane risk-of-bias tool for

randomized trials (RoB2; version of 22 August 2019) and the
Excel Macro Form (Microsoft Corporation) freely available
online were used to evaluate the RCTs (Supplemental
Material). The RoB2 tool evaluates the risk of bias in 5
domains: 1) bias arising from the randomization process, 2)
bias due to deviations from the intended interventions, 3)
bias due to missing outcome data, 4) bias in measurement
of the outcome, and 5) bias in selection of the reported
results. The evaluation of the RCTs was conducted on the
outcome level by the reviewers (RO and CS) who agreed on
the evaluation in all studies.

Data analyses

We undertook a meta-analysis of studies when the same
outcome was reported in publications and the number of
studies was >3 for the main analysis. For example, this
was undertaken for maternal choline intake/serum choline
concentration and NTDs in the offspring. The effect size
analyzed was the OR and 95% CIs. These were calculated
from the contingency tables showing the presence and the
absence of NTDs in the child among women with high
choline intake or circulating blood concentrations compared
with women with low intake or concentrations (Table 1).

Main data analyses

The meta-analysis was undertaken at the study level. Thus,
for studies presenting contingency tables in subgroups that
shared the same reference group, we assumed that the
correlation coefficient between the subgroups of a study
was equal to 1.0. The Mantel-Haenszel method was used to
estimate the pooled OR for all strata, assuming a random-
effect model. Each study was weighted by the inverse
variance of its effect size. Pooled estimates and 95% Cls
were calculated and presented in forest plots. The Cochran’s
Q statistic (calculated as the weighted sum of squared
differences between individual study effects and the pooled
effect across the studies) and I* statistics were used to study
the heterogeneity between the studies. The pooled estimate
and the SE were used to calculate the 95% prediction intervals
that estimate the range where the true effects are to be
expected for 95% of similar (exchangeable) studies that might
be conducted in the future (27).

Additional data analyses

Meta-analyses were additionally performed at the sub-
study level, assuming that the sub-studies were independent
(although the denominator was the same control group). The
aim of the analyses at the sub-study level was to evaluate the
consistency in the direction and strength of the association
within and across the studies and to identify trends and
factors that could explain different patterns of association
among the subgroups.

The sensitivity analysis included using alternative cutoft
values to define low maternal choline intakes (when appli-
cable). A leave-one-out meta-analysis was run to investigate
whether removing any specific study from the analysis would
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have a major effect on the pooled estimate and thus invalidate
the conclusions.

The association between maternal choline intake and
NTDs could be theoretically attenuated at higher maternal
folate intakes. Therefore, we conducted subgroup analysis
according to maternal folate intake, assuming that women
would have a higher intake if they originated from coun-
tries with mandatory folic acid fortification compared with
women not exposed to folic acid fortification. Moreover,
subgroup analyses were conducted according to NTD types.

P values less than 0.05 were considered to be statistically
significant, whereas P values between 0.05 and 0.10 were
considered to show a trend. The data analyses were con-
ducted using version 3 of the Comprehensive-Meta-Analysis
Software program (Biostat Inc.®).

The studies on outcomes related to child neurocognition
were heterogeneous and not directly suitable for a meta-
analysis. Thus, we conducted a critical appraisal of the
evidence from these individual studies.

Results

Search results

The initial search identified 346 publications from the
PubMed platform using the search terminologies shown in
Supplemental Table 1. After screening the titles and the
abstracts, 33 articles qualified for a full-text screening. Four
additional articles and 3 conference abstracts were identified
from the hand-search using the keywords “choline AND
pregnancy” (e.g., in ClinicalTrials.gov and Cochrane Library)
and screening of references used in previous systematic re-
views (25, 28-31). Full texts of 40 publications were screened
(Figure 1). A further 10 publications were excluded due to
fulfilling at least 1 of the exclusion criteria (Supplemental
Table 2). Of the remaining 30, 7 publications addressed
NTDs as a main outcome and 23 publications addressed
various outcomes related to neurocognition in children.

Maternal choline and NTDs in the offspring

Seven independent case-control studies investigated the
association between maternal choline intake/serum total
choline and NTDs in the offspring (Table 1 and Supple-
mental Table 3) (32-38). Two of the 7 studies were not
suitable for quantitative data analyses: a Chinese study (37)
reporting nonquantitative metabolomics data using human
placentas from cases and controls and an Irish study (38)
that did not present the data in a form that could be
combined with the remaining studies. The 5 remaining case-
control studies originated from the United States or Canada,
recruited women of mixed ethnic origins, and were included
in a novel meta-analysis (32-36).

The main exposure variable in 4 studies was “maternal
choline intake during preconception and early pregnancy”
(32-35). In the fifth study, the exposure was “maternal
serum total choline concentrations” that were measured at
16-18 weeks of gestation (36). Different definitions of low
choline intake were reported (Table 1). The results were

presented in subgroups of spina bifida and anencephaly in
4 of the 5 studies (Supplemental Table 4) (32-35). In 1
study, women were recruited between 1989 and 1991 (before
applying mandatory folic acid fortification in the United
States) (33); in 3 studies, women were recruited after the start
of mandatory folic acid fortification in the United States or
Canada (34-36); and in 1 study, women were recruited both
before and after folic acid fortification (32).

The 5 case-control studies included 1131 women who gave
birth to offspring with NTDs and 4439 mothers of healthy
children. The contingency tables and the OR (95% CI) for
NTDs in women with low choline intake are shown for
all possible categories of intake compared with the study-
specific upper intake group (reference group) (Table 1).
Supplemental Figure 1 shows the ORs (95% Cls) of NTDs
among the intake subgroups ordered from the highest to the
lowest. The figure also shows the corresponding definition
of low maternal intakes, types of NTD, and the presence of
fortification in the country or folate intake in the mother
(high and low).

The pooled OR (95% CI) for having a child with an
NTD in women with low maternal choline intakes or low
circulating maternal choline concentrations was 1.36 (1.11,
1.67) (n = 5 studies, random-effects model) compared with
women with a high intake or serum concentration (Figure
2A). The sub-studies were consistent in the direction of
the association, except for a subgroup of Mexican-American
women with choline intake between 760 mg/d and 1008 mg/d
compared with women with intakes >1008 mg/d (OR: 0.91;
95% CI: 0.51, 1.62) (32) (Figure 2B). The heterogeneity
statistics were as follows: the Q statistics were not significant
(Qvalue = 6.374, df = 4, P = 0.173), suggesting that the true
effect size was not likely to differ between the studies. The
I> = 37.24 suggests that 37% of the dispersion in the observed
association reflects variance in the true effect and 63% is
related to sampling/random errors (low heterogeneity). The
95% prediction intervals were 0.78 to 2.36, suggesting that the
ORs to be expected for 95% of similar future studies would
fall between 0.78 and 2.36 (Supplemental Figure 2).

The studies showed no significant publication bias (Eg-
ger’s regression intercept = 3.04; 95% CI: —2.60, 8.69;
P = 0.185) (funnel plot in Supplemental Figure 3A).
Removing any of the 5 studies from the analysis did not
substantially affect the results (Supplemental Figure 3B). For
instance, the estimate was 1.26 (1.07, 1.48) when we excluded
the study of Shaw et al. (36), which reported maternal serum
total choline concentrations (i.e., the sum of free choline and
choline esters) as an exposure variable.

The sensitivity analysis using a higher cutoff to define
low choline intake (< vs. >1008 mg/d instead of < vs.
>760 mg/d) in the study of Lavery et al. (32) yielded a similar
pooled estimate of 1.34 (95% CI: 1.09, 1.64) (Supplemental
Figure 4). The corresponding heterogeneity statistics were as
follows: Q value = 7.431, df = 4, P = 0.115, and I> = 46.17.
There was no significant publication bias and the leave-one-
out meta-analysis showed consistent results (Supplemental
Figure 5A, B). When the definition of low maternal choline
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Articles identified through PubMed search

Identification

(N =346)
Additional potentially relevant articles
<«— identified through hand search and reference
search, N=7
o0 ——» Excluded due to exclusion criteria, N =313
g |
g ! A\ 4
9]
Full text articles accessed for eligibility Excluded N= 10 (Suppl. Table 2)
N=40 1 article overlap with included articles,
5 articles: the effect could not be
" , assigned to choline (lack of appropriate
2 ; comparator).
:.'_.':“ : 4 abstracts, either overlap or cannot be
= ‘ Full text articles were eligible evaluated from the abstract.
= N=30
89

A 4

quantitative meta-analysis.

critical appraisal.

- Outcome neural tube defects: 5 independent case-control studies included in
the quantitative meta-analysis; N =2 case-control studies not eligible for a

Outcome child neurocognition/neurodevelopment: N =23 articles (RCT,
cohort, and cross sectional designs) on different outcomes included in a

FIGURE 1 Study flow chart. RCT, randomized controlled trial; Suppl., Supplemental.

intake of <200 mg/d in the study of Petersen et al. (35) was
replaced by <306 mg/d (lowest 3 quartiles) compared with
>306 mg/d (the upper quartile), the pooled estimate of the
association with NTDs was 1.27 (95% CI: 0.98, 1.65) (data
not shown).

Generally higher pooled estimates were observed in the
subgroup analysis of studies that included women who were
likely to have low folate intake (before applying mandatory
folic acid fortification in the country or women with a low
folate intake of <350.56 1g/d) (pooled estimate = 1.56; 95%
CI: 1.15, 2.12; n = 2 studies) (32, 33) (Supplemental Figure
6). Moreover, studies including women who were likely to
have high folate intake (i.e., folate intake >350.56 ug/d
or studies conducted after the fortification with folic acid)
showed significant pooled estimates, but the association
between maternal choline intake and NTDs was weakened
(pooled estimate = 1.23; 95% CI: 1.00, 1.53; n = 4 studies)
(Supplemental Figure 7A). The associations were generally
consistent in the subgroups of the studies, except for 1 sub-
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group with maternal choline intake between 760 mg/d and
1008 mg/d (32) (Supplemental Figure 7B and Supplemental
Figure 8).

Figure 3 and Supplemental Table 4 show the associations
between maternal choline and anencephaly (pooled estimate
= 1.20; 95% CI: 0.98, 1.48 ; P = 0.079; 3 studies) and spina
bifida in the newborns (pooled estimate = 1.33;95% CI: 1.11,
1.58; 4 studies). The ORs were generally consistent for the
NTD subtypes, except for 2 subgroups with nonsignificant
ORs <1.0 ( Supplemental Figure 9).

An additional Chinese study (115 cases and 144 con-
trols) that was not included in the meta-analysis showed
lower choline in the placentas of women pregnant with an
anencephalic child compared with control women (37). In
contrast, an Irish study (71 cases and 214 controls) reported
no significant differences in nonfasting plasma choline
concentrations between mothers of the cases and mothers of
the controls [mean (SD) plasma total choline = 2.8 (1.0) vs.
2.9 (0.9) mmol/L, respectively] (38).
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FIGURE 2 (A) Forest plot of the association between low maternal choline intake or serum total choline concentration (vs. high
intake/concentration) and the OR and 95% Cls of NTDs. The analysis was run at the study level and the studies were weighted by the
inverse variance. (B) The analysis was performed at the sub-study level to evaluate the consistency of the association across the subgroups.
Serum total choline in the study of Shaw et al. (36) consisted of the sum of all choline-containing compounds. NTD, neural tube defect.

Choline and neurocognition and neurodevelopment of

the child: evidence from interventional trials

Ten publications with RCT designs addressed the effect of
supplementing the mother or the child with choline and
its effects on neurocognition or neurodevelopment of the
child. The studies were heterogeneous in terms of population
characteristics, exposures, and outcomes (Supplemental
Tables 5 and 6). The results are discussed below on a study-
by-study basis according to 3 categories: healthy pregnant
women, women exposed to alcohol during pregnancy, and
infants/children exposed to alcohol during the prenatal
life.

Choline supplementation in healthy pregnant women.

We identified 4 publications with RCT designs from 3
independent groups of healthy pregnant women (39-42).
Caudill et al. (39) conducted a 12-wk double-blind RCT
with 930 mg choline/d (380 mg dietary choline plus 550 mg
choline from choline chloride) or 480 mg choline/d (380 mg

from the diet plus 100 mg choline chloride) in third-trimester
US pregnant women (n = 24 women were evaluated).
The primary outcome, mean saccade reaction time for the
stimulus-guided fixation shifts, was measured in the child
at age 4, 7, 10, and 13 mo. The personnel who conducted
the cognitive testing and statistical analysis were blinded to
the randomization. The saccade reaction time is a visual
attention task that predicts information-processing speed
and childhood intelligent quotient scores (Supplemental
Table 6). This task distinguishes between visually guided
reactive saccades and memory-guided anticipatory saccades
(39). The adjusted mean (95% CI) saccade reaction time
was 33.8 (2.7, 54.8) ms faster in the high-choline-intake
group compared with the low-intake group (39). Infants from
mothers with a high choline intake (vs. low-intake group)
were faster to react to pictures at age 4, 7, 10, and 13 mo.
The number of predictive saccades (the secondary outcome)
did not differ according to maternal choline intake (39).
Therefore, infants whose mothers achieved 930 mg choline/d
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FIGURE 3 Forest plot showing subgroup analysis of the association between low maternal choline intake (vs. high intake) and the OR
and 95% Cls of anencephaly (A) and spina bifida (B). NTD, neural tube defect.

(vs. 480 mg/d) showed consistently faster average saccade
reaction time in the first year of life.

In a further randomized double-blind trial, Ross et al.
(40, 41) used a PtdCholine equivalent to 900 mg/d choline
or placebo in 100 healthy US pregnant women (76 women
completed the study) from the second trimester until birth.
After birth, the infants received 100 mg choline/d until
the age of 3 mo (40, 41). Sensory gating deficiency in the
infants was studied at the age of 1 mo and 3 mo by using
electroencephalographic recordings of inhibition of the P50
component of the cerebral evoked response to paired sounds.
The inhibition of the auditory P50 cerebral evoked response
was defined as the amplitude of the P50 response to the
second of paired auditory stimuli divided by the amplitude
of the response to the first stimulus (40). An intact cerebral
inhibition was defined a priori as a P50 ratio <0.5. In infants
aged 1 mo, more infants in the choline group had a P50
ratio <0.5 compared with the placebo group (76% vs. 43%;
P = 0.009). At the age of 3 mo, the percentage of infants
with a normal P50 ratio did not differ between infants in the
choline and placebo groups (76% vs. 72%, respectively) (40).
At the age of 6 mo, the choline and placebo groups did not
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differ in other domains of general development such as visual
perception and discrimination and receptive or expressive
language (40). Therefore, 1-mo-old infants of mothers who
received 900 mg choline/d (vs. placebo) were more likely
to have intact cerebral inhibition as a response to stimuli,
suggesting a reduced future risk of attentional dysfunction
and schizophrenia (40). However, the high percentage of loss
to follow-up (24%) and applying unplanned neurocognitive
tests (i.e., the Mullen Scales of Early Learning) limit the
generalizability of the results.

Ross et al. (41) compared parent ratings on the Child
Behavior Checklist between the choline and the placebo
arms in a subgroup of 49 children at the age of 40 mo
(50% of the original cohort). Parents were blinded for the
intervention. The sex-adjusted parent ratings of the attention
subscale (P = 0.038) and the withdrawn subscale (P = 0.003)
were lower in children from the choline group compared
with those in the placebo group (41). Scores of primary
behavior problems did not differ between the interventions.
The results suggest that choline supplementation in the
mother could have a favorable effect on child attention and
withdrawal at the age of 40 mo (41). Limitations of this study



were the unplanned analyses and the fact that the outcome
was available from only 50% of those randomized, which
could cause selection bias for the 40-mo outcome.

Cheatham et al. (42) administered 750 mg choline/d
(from PtdCholine) or placebo to pregnant women from week
18 of pregnancy until 90 d postpartum in a randomized
double-blind design. The average dietary choline intake in
the women was 360 mg/d (42). The short-term visuospatial
memory delayed response task, long-term episodic memory;,
and language development were investigated in the child
at age 10 and 12 mo (42). The compliance rate was taken
into account in the data analyses. The intervention had
no significant effect on neurocognition of the child at the
age of 10 mo. At 12 mo, the long-term episodic memory
task tended to be lower in the choline compared with the
placebo group [mean (SD) = 0.45 (0.22) vs. 0.53 (0.20);
P = 0.056]. The intervention had no significant effects
on the composite index of global development, number of
words spoken, short-term visuospatial memory, or long-
term episodic memory (42). The results implied that 750 mg
choline/d from PtdCholine had no effect on infant brain
development in middle-class American mothers consuming
a Western diet (42). However, low compliance and a high
drop-out rate (41 of 140 participants dropped out) may limit
the generalizability of the results.

Choline supplementation in pregnant women exposed to
alcohol.

Three publications with RCT designs were conducted in
2 independent cohorts of women who consumed alcohol
during pregnancy (43-45). Jacobson et al. (43) provided
placebo or 1.25 x 2 g choline bitartrate/d (equivalentto ~1 g
bioavailable choline with molecular weight = 104.17 g/mol)
on top of the diet starting from the 20th week of gestation un-
til delivery. Eyeblink conditioning was the primary outcome
that was analyzed in 62 infants (31 choline and 31 placebo)
at the age of 6.5 mo (43). Eyeblink conditioning detects
abnormalities in cerebellar-dependent learning and memory.
A trend towards a favorable effect of choline supplementation
(vs. placebo) on eyeblink conditioning was observed in the
whole group (P = 0.090). The effect of choline (vs. placebo)
on eyeblink conditioning was significant (P = 0.036) after
excluding 4 subjects with <20% adherence. The Fagan
Test of Infant Intelligence test showed improved visual
recognition memory at 12 mo in infants from the choline
group compared with those from the placebo group. This
study was well designed, although there was some concern
regarding whether outcomes were planned.

Kable et al. (44) and Coles et al. (45) provided 750 mg
choline/d (the supplemental form was unreported) plus
multivitamin nutrients (vs. multivitamin nutrients) from
week 19 of gestation until delivery to pregnant women who
were exposed to alcohol. In 1 publication, visual and auditory
stimuli were measured in the child at the age of 4 to 11
mo using a fixed-trial habituation/dishabituation paradigm
and cardiac responses to stimuli (Supplemental Table 6) (44).
The psychologists were blinded to the intervention, while

the participants were not blinded. Children in the choline
group showed a significant change in heart rate after visual
stimuli compared with those in the group without choline
(adjusted P < 0.001) (44). Choline supplementation showed
a significant effect on latency in the visual habituation trials
[Wald chi-square F(1, 150) = 9.0; adjusted P < 0.003] (44),
but no effect on the results of the Bayley Scales of Infant
Development test at the age of 6 mo ( 45). Limitations of the
study design included the fact that it was unblinded and there
was a selective loss to follow-up in high-risk drinkers.

Choline supplementation in children with FASD:s.

Three publications with RCT designs were conducted in
infants or children born to mothers who ingested alcohol
during pregnancy (46-48). Two of the publications were
based on the same group of infants (46, 47).

In a pilot study, Wozniak et al. (46, 47) administered
1.25 g choline bitartrate (513 mg choline/d) or placebo to
60 children (aged 2.5-5 y) for a duration of 9 mo (46,
47). Global cognitive development of the child was the
primary outcome that was measured by the Mullen Scales of
Early Learning. The test provides total score and subscores
of components of hippocampal-dependent memory (early
learning composite, visual reception, fine motor, receptive
language, and expressive language) (46). The study groups
did not differ in global cognitive development or in elicited
imitation memory paradigm (a hippocampus-dependent
memory task). The largest improvement in the elicited
imitation delayed performance occurred in children aged
between 2.5 and 4.0 y from the choline group (46), suggesting
an effect moderation by age.

A subgroup of 31 children was then retested 4 y after the
end of the original trial (46). The long-term cognitive and
behavioral tests and domain-specific outcomes were studied
focusing on memory, attention, and executive functioning
using the Stanford-Binet Intelligence Scale (SB-5) test (47).
The elicited imitation memory paradigm was repeated with
more difficult event sequences and a longer memory delay to
account for the age of the children at follow-up (47). Children
in the choline group showed 8.2% higher SB-5 nonverbal
IQ subscores [F(1, 28) = 5.17, P = 0.03] and 11.7% higher
subscores of working memory [F(1, 28) = 7.74, P = 0.01]
compared with the placebo group (47). A post hoc test
showed significant effects of choline versus placebo on the
subscores of nonverbal visual-spatial reasoning component
(P = 0.004) and the nonverbal working memory component
(P=0.018) (47). Therefore, choline supplementation showed
no effects on memory in the short term (46), but the
nonverbal aspects of working memory and visual spatial
processing improved in the long term in children with FASDs
(47). These long-term outcomes after 4 y were tested in a
subgroup of the children and were not planned a priori (47).

Nguyen et al. (48) administered glycerolphosphocholine
liquid corresponding to 625 mg choline/d or placebo for 6
wk to 55 children with FASDs (mean age: 8.3 y; range: 5-
10y) and investigated a standardized neuropsychological test
battery at the end of the intervention. The intervention had
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no significant effects on paired associates learning, design
fluency, spatial working memory, spatial working mem-
ory strategy, quotient attention-deficit/hyperactivity disorder
(ADHD), and grooved pegboard (48). However, the lack of
effect might be due to the short duration of the study and
possible irreversible symptoms in older children.

Choline safety in RCTs

None of the intervention studies exceeded the Tolerable
Upper Intake Level for choline (3.5 g/d) (1). No serious
adverse outcomes in the mothers or the children were
observed in any of the included studies all providing different
forms and dosages of choline in the aforementioned trials.
A fishy body odor was the only characteristic side effect
reported after choline intake (1) (Supplemental Table 7).

Evidence from noninterventional studies

Associations between maternal or child choline intake/serum
choline concentration and child neurocognition and neu-
rodevelopment were addressed in 13 publications with lon-
gitudinal or cross-sectional designs (Supplemental Table 8)
(49-62). A critical evaluation of the publications is provided
in the Supplemental Material. The overall evaluation of this
section in the context of the present study is addressed in the
discussion.

Quality of the studies and risk of bias assessment

Case-control, cohort, and cross-sectional studies identified
were of low risk of bias (i.e., scored >8 of 9) (Supplemental
Tables 9 and 10). However, these forms of studies have
inherent limitations such as retrospective measurements of
choline intake in case-control studies and the use of plasma
choline as a biomarker of choline intake or status in cohort
studies. The risk of bias in publications with RCT designs was
evaluated for each reported outcome (Supplemental Figure
10). Two RCTs with a low risk of bias reported results in
favor of choline’s role in brain function and were conducted
either in pregnant women (39) or in children with FASDs
(46). One study in women with alcohol consumption during
pregnancy (43) showed some concerns regarding the risk
of bias due to likely unplanned outcomes, but it reported
favorable effects of choline in women who adhered to the
supplements. The 6-wk RCT with a low risk of bias was
conducted in children with FASDs aged between 5 and 10 y
(48), which could explain the lack of effect in the intervention
group. The remaining publications were of a high risk of bias
mostly due to missing results and unplanned results.

Discussion

Brief interpretation of the results of the meta-analysis

We found that low maternal choline intake/circulating
maternal choline concentrations were associated with a 36%
higher risk of NTDs (OR: 1.36; 95% CI: 1.11, 1.67). The
predictive intervals (0.78, 2.36) suggest that low choline
intake could be associated with an OR for NTDs of up to 2.36
in future studies. At present, the results should be interpreted
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with caution due to the limited number of available studies
and possible recall bias, including underreporting in studies
interviewing women several months after delivery.

Subgroup analyses according to maternal folate intake
suggest that the association between low maternal choline
intake and NTDs is independent of folate but could be
stronger in women with low folate intake (Supplemental
Figures 6 and 7). The interaction between choline and folate
could be explained by the mutual functions of these nutrients
as methyl donors and the possibility that choline could be
spared for other developmental pathways when folate intake
is sufficient. Studies in mice have shown that, compared with
folic acid, choline added to maternal diets prevented more
cases of spina bifida (17). Collectively, these results suggest
that the role of choline in early brain development is unique
and not fully exchangeable with the role of folate. A pooled
analysis of individual data from the case-control studies is
timely and would enable adjusting for potential confounding
variables.

Coherent evidence from RCTs

Despite limitations of available RCTs, the results generally
support favorable effects of higher maternal choline intake
on some domains of neurodevelopment and neurocognition
in the child (i.e., self-regulation, learning, and memory) (39—
41).

Choline supplementation was initiated in the second
or third trimester and lasted until birth or up to 3 mo
postpartum. Different forms of choline (PtdCholine, choline
chloride, choline bitartrate, and glycerophosphocholine) and
doses (<1 g/d) have been used on top of the diet in RCTs.
Choline intake in the available RCTs was higher than the
average intake that women could achieve through the usual
diet (3) and exceeded the adequate intake of 450 mg/d or
480 mg/d for pregnant women as set by the IOM or the
European Food Safety Authority. Thus, maternal choline
intake above the present adequate intake appears to be
necessary to influence neurocognition of the child.

Results on choline supplementation in pregnancies ex-
posed to alcohol provided supportive evidence that choline
could impact brain functions. Choline supplementation (vs.
placebo) to pregnant women exposed to alcohol from the
second trimester to birth had positive effects on learning and
memory of the infants (43). The study among 2.5-5-y-old
children with FASDs supports favorable effects of choline on
nonverbal aspects of working memory and on visual spatial
processing (46). Furthermore, the null results in the 6-wk
trial among older children (48) could reflect a critical time
window for improving brain outcome, at least in FASDs, a
model of disturbed cholinergic system in the brain.

Further high-quality interventional studies with well-
planned outcomes, longer follow-up time, and sufficient
power are needed. Choline supplements could start before
pregnancy or in the first trimester and last until birth or
at least 3-6 mo of lactation. The repeated neurocognitive
tests should account for the age of the child at follow-up and
minimize potential measurement errors due to ceiling effects



(47). Showing a dose-response relation between maternal
choline intake and child neurocognetive test scores can
strengthen the evidence that choline is causally involved
in brain development. Moreover, future multilevel meta-
analysis combining correlated neurocognitive outcomes in
the child could address the overall effects of RCTs across the
studies.

Observational studies

Results of observational studies are mixed. Some studies have
shown associations supporting that higher choline intake
or circulating concentrations in the mother are associated
with better neurocognitive outcomes in the child (51, 58),
especially in women with prenatal stressors (52-57). Results
of observational studies generally provide coherence to the
hypothesis that maternal choline intake can impact brain
development and functions.

In contrast to interventional studies, observational studies
are subject to more confounding by external and contextual
factors (including cultural, socioeconomic, and dietary) that
may influence maternal choline intake and child cognition
at the same time. There is currently no optimal blood
marker for choline intake. Normal fasting plasma free choline
concentrations in humans are approximately 10 umol/L (63,
64), with concentrations reported in early pregnancy (58).
Plasma choline concentrations are low in deficient people
(65); they increase in response to high choline intake in
adults (66, 67) and in late pregnancy (58, 68, 69). Plasma
choline concentrations do not accurately reflect moderate
changes in choline intake (70) and are thus not a reliable
marker for choline status. Circulating choline concentrations
in plasma reflect endogenous synthesis, intake, uptake, losses,
and likely a degree of homeostatic and metabolic regulations
(71). During pregnancy, plasma choline concentrations are
subject to additional dynamic changes due to transport
to the fetus and maternal liver phosphatidylethanolamine
methyl transferase (PEMT) induction by estrogen (72).
Moreover, the association between maternal choline intake
and child neurocognitive outcomes could be subject to
effect modification by folate intake (50), DHA (59), and
betaine (58, 61, 62). Understanding these interactions could
further offer an opportunity to identify additive or synergistic
effects of multiple nutrients, but this issue requires in-depth
investigations.

Epidemiological studies reported average dietary intakes
of choline in pregnant women of approximately 350 mg/d
(42, 50, 58). This corresponds to 100-180 mg/d less than
the Adequate Intake for pregnant women (1, 2). Adequate
choline intakes are difficult to attain through the usual diet.
Thus, antenatal multivitamin supplements should contain
choline in addition to folate. Like folate, choline supplemen-
tation should be part of standard health care for women
planning a pregnancy and pregnant and lactating women.

The present study has some limitations. First, our search
was limited to English and German articles published in
PubMed. Although we cannot exclude that we may have

missed relevant studies, a systematic search in Cochrane-
library.com during preparation of this article (30 August
2021) identified 83 potential publications but did not yield
any further publications compared with the search in
PubMed. Second, due to the limited number of available
studies, the present meta-analysis included 1 study reporting
maternal serum total choline in millimoles per liter (36).
Serum total choline was measured as free choline and
choline esters obtained after enzymatic release of choline
from phospholipids (73). This marker is not well established
in the literature. However, excluding this single study did
not substantially change the association between maternal
choline intake and NTDs, suggesting that the conclusion
is not likely to be biased. Finally, case-control studies are
commonly used to investigate rare diseases, but this design
has inherent limitations.

Conclusions

Low maternal choline intake/circulating serum total choline
in early pregnancy was associated with a 36% higher OR
for NTDs. In general, RCTs providing up to 1 g choline/d
to women during the second part of the pregnancy showed
favorable effects on certain neurocognitive domains of the
child. Despite limitations of longitudinal and cross-sectional
studies, the results were generally supportive of poten-
tial associations between higher choline intake/circulating
plasma choline concentrations and favorable neurocogni-
tion/neurodevelopment in children. The role of choline in
brain development is biologically plausible and strongly
supported by animal studies [reviewed in (25, 74)]. Thus,
associations reported in the present review are likely to
be reflective of a cause-and-effect relation. Choline intake
exceeding current recommendations appears to be neces-
sary to influence child neurocognition. Updated, robust
recommendations from obstetric societies about the need
to fulfill choline intake during pregnancy and lactation
to support brain development are warranted. In order to
achieve recommended choline intake thresholds, the need
to add choline to antenatal supplements should be urgently
considered.
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